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The role of surface vorticity during unsteady separation
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Unsteady flow separation in rotationally augmented flow fields plays a significant role in a variety of
fundamental flows. Through the use of time-resolved particle image velocimetry, vorticity accumulation and vortex shedding during unsteady separation over a three-dimensional airfoil are examined.
The results of the study describe the critical role of surface vorticity accumulation during unsteady
separation and reattachment. Through evaluation of the unsteady characteristics of the shear layer,
it is demonstrated that the buildup and shedding of surface vorticity directly influence the dynamic
changes of the separation point location. The quantitative characterization of surface vorticity and
shear layer stability enables improved aerodynamic designs and has a broad impact within the field
of unsteady fluid dynamics. Published by AIP Publishing. https://doi.org/10.1063/1.5006527

I. INTRODUCTION

Unsteady flow separation is highly complex and represents an important topic of investigation in the field of fluid
mechanics. The extent of separation and time scales over which
it occurs is a fundamental problem which is not yet fully
understood. Unsteady separation is a common phenomenon
in natural and industrial applications such as divergent flows
in the bifurcation of a carotid artery when blood flow to the
brain is constricted,1 biological and bio-inspired flight,2 helicopters in forward flight, jet engines, hydroelectric turbines,
and wind turbines. Unsteady separation in aerodynamics is
accompanied with the erratic movement of the separation point
location which causes highly dynamic and unpredictable loads
on airfoils.3
Separation conditions for steady flow past a twodimensional streamlined body, as proposed by Prandtl, state
that flow will separate from the surface where the skin-friction
is reduced to zero and a negative pressure gradient exists. This
gives an Eulerian description of the boundary layer behavior
and fits well in the case of steady separation.4 In the case of
unsteady flow separation, a singularity appears in the steady
boundary layer solution when the wall shear stress vanishes.5
This so-called Goldstein singularity was studied simultaneously by Moore,6 Rott,7 and Sears,8 all independently arriving at the conclusion that vanishing wall-shear stress and the
accompanying flow reversal near a wall do not necessarily
guarantee flow separation under unsteady conditions, which
became known as the Moore, Rott, and Sears (MRS) criterion. According to the MRS criterion, the separation point
must occur on the zero vorticity line bisecting a recirculation
region.
To address the ambiguity associated with unsteady separation resulting from the MRS criterion, a Lagrangian solution
was proposed by van Dommelen and Shen.9 The Lagrangian
approach was found to accurately describe the convergence
a) meliusms@gmail.com
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and ejection of fluid particles from an unsteady boundary layer
flow. The Lagrangian formulation for the unsteady boundary
layer has two advantages: (i) It decouples the motion in the
streamwise direction from that in the wall-normal direction
and (ii) it offers an objective criterion for boundary layer separation. Recently, Surana et al.10 developed an exact theory
of steady flow separation and reattachment on boundaries at
rest within a Lagrangian framework, which has been extended
to include unsteady separation. Surana et al.10 focused on the
connection between the Lagrangian sources of flow separation
and the Eulerian fields of skin-friction lines, i.e., the separation lines, by analyzing unstable manifolds that originate
at the surface. The unstable manifolds are lines or surfaces
that attract and eject fluid particles away from the boundary.10
The method for manifold identification presented by Farazmand and Haller 11 allows for the calculation of Lagrangian
coherent structures (LCS) from Eulerian velocity fields. To
improve future predictive capabilities of the onset and duration
of unsteady separation, more insight into the role of vorticity
in the shear layer that develops at the interface between the
outer flow and a separated flow region near the suction surface of the airfoil is desirable. This shear layer experiences
spatial perturbations following the Kelvin-Helmholtz instability. These perturbations increase with increasing extent of the
separated flow region and grow in magnitude as they are convected downstream.12 As a result of the instability, the shear
layer undulates and the flow near its apex accelerates while
the pressure reduces. Near the troughs of the shear layer, the
flow decelerates and the pressure increases, thus leading to
an amplification of the shear layer wave downstream.13 The
growth of the shear layer perturbations is also connected to
inflections of the shear layer directly downstream of the separation point and abrupt movements of the separation point
location itself.14 The shear layer perturbation amplitude at
the point of separation is expected to have a direct effect
on the eruption of near-wall vorticity away from the surface
into the outer flow.3 Despite the advances in the theoretical description of unsteady separation, there is still need for
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experimental analysis of the role of vorticity at the surface of
an airfoil in the context of unsteady separation. Identification
of the initial separation location and strength of separating
shear layers is an important challenge in various engineering
applications.15
This study provides experimental evidence of the critical
role of surface vorticity and its accumulation during unsteady
separation and reattachment on a scaled three-dimensional
wind turbine blade. Time-resolved velocity field measurements by means of particle image velocimetry (PIV) were
conducted in a cross-sectional plane near the root of the model
blade which was subjected to an unsteady variation in the angle
of attack mimicking a gust encounter. The angle of attack variation included a pitch up motion from an angle of attack below
the static stall limit to an angle of attack well above that limit
at which the flow is fully separated. After a short pause, the
angle of attack was reduced again to its initial value at which
the flow is attached again. The pitch down rate had the same
magnitude but opposite sign as the pitch up rate. The flow
development during the transition of the flow from attached
to separated and back to attached was recorded and analyzed.
In particular, the separation point location, near wall vorticity,
and shear layer characteristics are tracked in time. The causal
relationship between the accumulation and shedding of surface vorticity and the dynamic changes in the separation point
location is further explored.

II. EXPERIMENTAL SETUP

Experiments were conducted in the closed 2 m × 1.8 m
test section of the closed loop wind tunnel at Deutsche
Forschungsanstalt fur Luft und Raumfahrt (DLR) in
Göttingen. An aluminum model of the NREL 5 MW wind
turbine blade is manufactured at 1:63 scale with a total span
of 1.05 m. The chord length is doubled while maintaining
the thickness-to-chord ratio and spanwise profile locations to
preserve the geometric influence on the suction side pressure
gradient. The free stream velocity is set to U ∞ = 40 m/s with
an average turbulence intensity of less than 1%. Velocity field
measurements are collected at a radial location of r/R = 0.317,
considered to be within the root section of the blade which
was at hp = 0.32 m above the wind tunnel floor (Fig. 1). At
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FIG. 2. Experimental pitching cycle, with the angle of attack α on the y-axis
and the convective time scale tU ∞ /c, τ, on the x-axis.

this location, the cross section is a DU 99-W-350 blade profile. The chord length c = 15 cm. This yields a chord based
Reynolds number of Rec = 3.2 × 105 . The spanwise twist of
the blade is augmented to mimic the effect of rotation on the
flow past the turbine blade and is 2.4◦ at the measurement location. More details on the selection of the spanwise twist and the
experimental blade model are provided in the work of Melius
et al.16
The blade is pitched dynamically to change its angle of
attack from 12◦ → 24◦ → 12◦ (simulating the passage of a single accelerating-decelerating gust) by a stepper motor which is
located outside the wind tunnel. A time series of instantaneous
velocity snapshots is recorded for a single pitching cycle, as
shown in Fig. 2, where α is the angle of attack and τ is the
convective time scale tU ∞ /c.
To minimize the influence of the wind tunnel wall, the
blade base is extended by 10 cm and is covered by an aerodynamic housing. During the experiment, the blade is pitched
with an average pitch rate of α̇ = 0.6 s 1 . The total blockage
created by the blade at the largest angle of attack does not
exceed 8%.
Throughout the experiment, time-resolved PIV data are
collected at a rate of 1 kHz. Images are collected in a crosssectional plane at a radial location of r/R = 0.317 by a high
speed camera located outside of the test section along the pitching axis of the blade. The time-resolved PIV and blade motion
are synchronized such that a series of individual measurements
cover 0.5 s before the motion of the blade begins and after
completion of the motion cycle to ensure full coverage of the
stall cycle. The time series data are collected at a camera resolution of 1744 px × 1410 px. The measurement window is
254 mm × 205 mm with a spatial resolution of 6.8 px/mm.
The PIV images are processed using an interrogation window
size of 32 px × 32 px and an overlap of ≈80% yielding a grid
spacing of 7 px or 1 mm which is less than 0.01c. To ensure
an acceptable signal-to-noise ratio, the interrogation window
size is minimized. The velocity fields are rotated into the airfoil
reference system, with the x-axis along the chord and y-axis
perpendicular to the chord prior to the analysis.
III. RESULTS

FIG. 1. Experimental setup: scaled wind turbine blade positioned vertically
in the 2 m × 1.8 m test section, with a camera and pitching motor located
directly above and below the rotor blade, respectively (figure not to scale).
The measurement plane is at hp = 0.32 m, and the free stream velocity is
U ∞ = 40 m/s.

To study the interplay between the surface vorticity, the
separation point location, and the shear layer instability during unsteady separation and reattachment, the first task is to
identify the shear layer and the location of the separation point
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in the individual snapshots. Therefore, attracting LCSs are calculated according to the procedure described by Farazmand
and Haller 11 and the locations of vortical structures are identified by using the Γ-criterion from the work of Graftieaux
et al.17 To compute the LCS for a given PIV flow field, the
correct velocity and integral time scales must be selected. The
integral time scale is calculated based on the length of the
shear layer extending from the point of separation and spanning over the remaining chord, defined here as L = (1 f ). By
dividing L by a characteristic fluctuation velocity, u 0, the result
is the integration time, T = (1 f ) ∗ c/u 0, which determines the
number of time steps used to calculate the LCS. During separation, the characteristic fluctuation velocity is determined to be
u 0 = 1.4 m/s and the integral spatial scale is 0.05 m or
x/c = 0.33 which yields an integration time of 0.035 s. These
values will change from one stall stage to another.
Figure 3 presents a comparison between the shear layer
attracting LCS (black) and a velocity contour at 0.48U ∞ (red)
for a snapshot of the vorticity field at an angle of attack of
α = 24◦ . The DU 99-W-350 profile is included, and the chordwise (x) and azimuthal (y) axes are normalized by the chord
length. Clockwise rotating vortices within the shear layer identified using the Γ-criterion are shown in orange. The velocity
contour at 0.48U ∞ practically coincides with the LCS that
marks the shear layer as the separating material line between
the free stream flow and the separated flow near the airfoil
surface. Analysis of the results reveals consistent agreement
amongst the shear layer LCS and the velocity contour at
0.48U ∞ for the entire stall cycle investigated here. The two
shear layer identifiers lie on top of each other until x/c ≈ 0.5.
For x/c < 0.5, the maximum amplitude of both estimations
of the shear layer is nearly equal and both proceed along the
shear layer vortex cores. The advantages of using the velocity
contour at 0.48U ∞ to identify the shear layer are being computationally inexpensive and not requiring time-resolved data
to capture accurate shear layer behavior from PIV data.18
A Lagrangian separation point was identified as the location at which attracting LCS merge near the airfoil’s surface.
Due to surface reflections and missing velocity field information close to the surface, the appearance of merging attracting
LCS is not consistently observed throughout the experimental
results. Comparing the x/c locations of the merging LCS and
the first flow reversal, it is found that the difference between

FIG. 3. Velocity ratio U SL /U ∞ = 0.48 (red) plotted with the shear layer attracting LCS (black) on top of the instantaneous vorticity field during full stall at
an angle of α = 24◦ .
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the two values is less than 0.05c. This Eulerian separation
point definition, indicated by the white 4, is relatively robust,
providing data for each time step, and is therefore selected
here.
In a next step, the values of vorticity along the shear layer
are extracted for all snapshots and local amplitude extrema
are determined. The spatial locations of the maximum values
of shear layer vorticity for a single snapshot are presented
in Fig. 4(a) by white circles, and their normalised magnitudes |ω∗ | = |ωc/U ∞ | are presented in Fig. 4(b) as a function
of the chordwise location x/c. The shear layer vorticity (ω)
has a maximum amplitude at or near the separation point
|ω∗ |max > 40. Further downstream, the vorticity peaks decay
exponentially. After applying this technique to all snapshots
in the data set, it was observed that the vorticity formed at the
separation point is always greater than |ω∗ |max = 20. Above this
value, the accumulated vorticity entrains enough fluid near the
surface to create flow reversal which results in the release of
a small-scale vortex. The vorticity magnitude decreases when
the released vortices are convected away from the surface. This
suggests the existence of a critical level of vorticity which must
accumulate in order for separation to occur.
To demonstrate the growth of the shear layer perturbation
in time and space in Fig. 4(a), the instantaneous shear layers
from three consecutive snapshots are depicted in maroon, red,
and pink, respectively. In this sequence, the local peaks and
valleys in the shear layer are convected downstream with each
consecutive time step.
To determine the instantaneous shear layer amplitudes in
the velocity field snapshots, a datum reference for the shear
layer is required. Due to the transient nature of the flow development during separation and reattachment, the datum reference varies in time. To determine the instantaneous reference
for the shear layer, a sliding temporal average of the shear
layer is taken. The average shear layer line was calculated
based on 10 snapshots (5 before and 5 after) corresponding
to a time window of 10 ms. This time window was selected
to preserve the transient nature of the flow development while

FIG. 4. (a) Example of the estimated shear layer line during reattachment.
Three sequential shear layers are depicted for τ (dark red), τ 1 (red), and τ 2
(light red) along with the linear fit of the moving averaged shear layer (black
dashed line). The shear layer amplitude is given by A. (b) Normalized vorticity
maxima |ω ∗ | along the shear layer plotted as a function of the chordwise
coordinate (x/c).
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allowing sufficient convergence of the reference shear layer
line. To further reduce the effect of outliers in the sliding average, the averaged shear layer lines were linearly fitted. The
fits are calculated based on the 26 data points along the average shear layer line that are close to the airfoil surface. The
26 data points correspond to a spatial length of approximately
0.2c extending away from the shear layer origin. The linear fits
of the sliding averaged shear layer lines were then used as the
datum reference to calculate the shear layer amplitudes in the
individual snapshots. It is exemplarily depicted by the black
dashed line in Fig. 4.
The shear layer amplitude A(x/c) is the vertical distance
between the estimated shear layer line and linear fit of the
moving averaged shear layer and is exemplarily presented in
Fig. 5 for the vorticity snapshot of Fig. 4. The peak in the
amplitude closest to the separation point is denoted by A1 and
the maximum amplitude by Amax .
Using the techniques from the work of Melius et al.,16 the
flow development stages within the stall cycle are identified.
The separation point f, which is determined by locating the first
occurrence of a negative streamwise velocity near the airfoil
surface, is plotted in green as a function of time in Fig. 6. The
intervals that capture stall development and reattachment are
highlighted in gray.
To evaluate the trend of the vorticity accumulation at the
point of separation, the first vorticity peak along the shear layer
is extracted from all snapshots. In Fig. 6, the first four statistical moments of the first vorticity peak downstream of the
separation point are presented. The top plot includes the separation point (green), the separation point vorticity, the angle
of attack (gray) for reference, and the mean vorticity at the
point of separation (black) as a function of convective time
τ = tU ∞ /c. Mean values are calculated for each of the identified stall stages (delineated by vertical dashed lines). The
time intervals describe the duration of each stage of the stall
cycle.16 The first time scale is the reaction time, t r . This time
interval begins with the initial motion of the blade, and the end
is marked by a dramatic change in behavior of the separation
point. The second time interval is termed the stall development time scale and is represented by t sd . The beginning of
this stage is marked by the emergence of stall development
and a change in the separation point and ends when the primary stall vortex is shed, corresponding to a second dramatic

FIG. 5. Example of the shear layer amplitude A(x/c) as a function of the
chordwise position for the vorticity snapshot presented in Fig. 4. The first
local maximum A1 and the global maximum amplitude Amax are highlighted.
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FIG. 6. Temporal evolution of the peak vorticity at the point of separation
(gold), the separation point (green), and the motion profile (gray).

change in the separation point. The change marks the beginning of the next interval, identified as the period of time that
the blade is experiencing full stall, t fs . The phase ends when
the angle of attack is reduced and the flow begins to reattach.
During this process, the separation point moves downstream
away from the leading edge. The fourth and final time interval is the time required for the flow to reattach to the surface
and is termed the reattachment time scale t rea . The mean value
during attached flow, prior to separation, is |ω̄∗ | = 25.9. The
mean increases by 8% to |ω̄∗ | = 28.0 during stall development.
Once the flow enters full stall, the vorticity peak increases to
|ω̄∗ | = 32.6, a 25% increase from the attached flow mean. The
peak vorticity drops to |ω̄∗ | = 25.5 during flow reattachment.
After the stall cycle is complete, the attached flow vorticity
is the lowest of the calculated means at |ω̄∗ | = 25.1. As the
angle of attack increases, the vorticity accumulates within a
smaller region relative to the accumulated vorticity region at
lower angles.
Alternatively, the circulation of the small-scale vortex
close to the point of separation is analyzed. The circulation
is calculated by the integral of the vorticity within a λ 2 = 0
contour which indicates the location and size of a vortical
region. The separation point circulation refers to the circulation associated with the vortex nearest to the separation point.
In Fig. 7, the non-dimensionalized separation point circulation
[Γ∗ = Γ/(U ∞ c)], which refers to the circulation associated with
the vortical structure nearest to the separation point, is presented in blue. This figure also includes the separation point
(green) and the mean stage-wise separation point circulation
(black) as a function of time to provide reference.
Prior to the blade motion, circulation at the point of separation is shown to fluctuate around |Γ∗ | = 2.3. Once the blade
starts to pitch up and the separation point moves toward the
leading edge, the stage-wise average value slightly increases
to | Γ̄∗ | = 2.7. The circulation during the pitching up motion

FIG. 7. Temporal evolution of the circulation at the point of separation (blue),
the separation point (green), with the mean values of each stage (black), and
the motion profile (gray).
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increases due to the change in the chordwise pressure gradient, which causes fluid near the surface to slow down. The
influence of the pressure gradient is identified by a general
increase in circulation at higher angles of attack. The largest
values of circulation at the separation point are found during
the full stall stage where | Γ̄∗ | = 3.7. After the blade starts to
pitch down, the mean circulation at the separation point drops
again to | Γ̄∗ | = 2.5 and even falls below its pre-stall values to
| Γ̄∗ | = 1.6 after flow reattachment.
The behavior of the vorticity and circulation at the separation point follow the same trend. During the attached flow,
their absolute values are relatively low. When transition to the
separated flow starts, they both increase to adjust for the changing surface pressure gradient, and at the point of full stall, a
maximum is reached.
To highlight the perturbation behavior during unsteady
separation, the tortuosity of the instantaneous shear layer is
presented in Fig. 8. Tortuosity is defined as the ratio of the
length of the shear layer relative to the distance it covers. In
the case of a straight line, the tortuosity would be T = L/D = 1.
It follows that a value of T greater than 1 represents a perturbed shear layer. The tortuosity of each shear layer from
the stall cycle is presented in Fig. 8 (green). In the pre-stall
attached flow, there is a clear periodic peak in T as it varies
between a minimum of T ≈ 1 and peaks of T = 1.6–1.75.
The time between successive peaks is approximately τ = 10.
Considering shear layer perturbations as indications of vortex
shedding, the time scale between peaks of T is converted to the
shear layer Strouhal number, St ∗ = c/(∆τU ∞ ) = 0.12, consistent
with results found in Ref. 19.
It is shown that the growth of shear layer tortuosity leads
to the advancement of the separation point. During the attached
flow stage, increased tortuosity corresponds to the movement
of the separation point toward the leading edge, with peaks of
tortuosity occurring during separation point advancement and
troughs occurring when the separation point is retreating. The
trend continues even when there is no periodic behavior any
more. Once the pitching motion starts, the tortuosity increases
in volatility and the periodic pattern observed previously is
no longer present. The largest average values of T are found
in the stall development stage as the flow passes through the
most unstable state transitioning to full stall. The shear layer is
particularity tortuous during the moments just before full stall
is reached. During full stall, the average tortuosity increases,
which corresponds to the increase in relative size of the separation region. It is also noted that T is relatively constant

throughout this stage. As the reattachment stage begins, there
is a spike in the tortuosity and the variability of T increases.
There is a significant drop off in T near τ = 120 at which point
the tortuosity of the shear layer approaches unity and rarely
departs for the remaining duration of the time series. It appears
that the shear layer directly after reattachment is more stable
than that during the equilibrium state at the start of the pitching motion. The downstream convection of the excess wake
fluid that occurs during reattachment thus seems to stabilize
the reattached flow.20,21
Figure 9 provides a deeper look into the peak amplitude
of the shear layer perturbation as a function of chordwise
position. The shear layer amplitude A(x/c) for individual snapshots is calculated by the vertical distance between the shear
layer and the linear fit of the moving averaged shear layer.
The maximum amplitude Amax is presented in Fig. 9 by the
color of the marker while the position of the markers indicated
the chordwise location at which the maximum amplitude is
observed. The values of Amax are normalized by the chord.
Dark green represents large amplitudes, and yellow represents
small amplitudes. The peak amplitudes are plotted together
with the angle of attack, α(τ), in gray and the separation
point, f (τ), in black. The figure shows the relative stability
of the shear layer. When the angle of attack is held constant,
the amplitudes of the shear layer perturbations grow with the
downstream distance, following the general principles of the
Kelvin-Helmholtz instability. For example, during the period
of time prior to the beginning of the pitching motion, the amplitudes nearest to the point of separation are consistently small,
Amax ≈ 0.01, while the perturbations near the trailing edge
have grown to Amax ≈ 0.1 in some cases. As the angle of attack
increases and stall development begins, the occurrence of a
large ∆f is accompanied by a large perturbation amplitude
that occurs close to the point of separation. This phenomenon
is shown between 50 ≤ τ ≤ 60 during the largest movements of
the separation point. Once the separation process has reached
full stall, the maximum amplitudes primarily reside near the
trailing edge. As the angle of attack decreases, the amplitude of the shear layer perturbation grows to values exceeding
Amax = 0.15 and begins to move toward the leading edge.
As the flow reattaches, the values of the shear layer peak
amplitude drop to values of less than Amax = 0.05. During
this stage, the shear layer roll-up and shedding of the surface
vorticity lead to large perturbations at the point of separation. When the vorticity on the surface is shed, the resulting
shear layer perturbation is large at the point of separation. It is

FIG. 8. Time history of the shear layer tortuosity (green), separation point
(black), and pitching motion (gray).

FIG. 9. Time history of the location of the maximum perturbation together
with the separation point and pitching motion. The maximum perturbation
amplitude is color-coded.
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worth noting that the peak amplitudes of the reattached flow
are smaller than what is seen in the attached flow prior to
separation.
Figure 9 demonstrates that large shear layer perturbations
are present near the separation point during stall development
and reattachment. To further explore this, the shear layer perturbation peak closest to the point of separation, A1 , is analyzed
in Fig. 10. It is hypothesized that this particular perturbation
will directly influence the movement of the separation point,
according to Ref. 14. The separation point movement increases
when perturbations at the separation point are larger than
A1 ≈ 0.05. This is most apparent during the initial attached
flow, stall development, and initial portion of reattachment,
95 ≤ τ ≤ 115. During full stall and the final attached phase,
the perturbation amplitudes are considerably smaller, indicating the relative stability of the shear layer during those periods.
The combination of these results demonstrates that the formation and shedding of a consistent quantity of vorticity at
the point of separation has direct influence on the shear layer
behavior and perhaps most importantly on the movement of
the separation point location.
The relationship between the change in the separation
point and the strength of vorticity at the surface is tested for
the Granger causality.22 Granger causality test results produce
F-statistics that imply physical causality. Owing to the specific limitations of a Granger test to stationary signals and that
the results are limited to only two of the possible dependent
variables in the system, the Granger test does not necessarily
imply direct physical causation. However, with a positive test
result, it is expected that predictive models for the dependent
variable benefit from information included in the independent
variable.
Two series of Granger tests are conducted to reinforce the
conclusions discussed in Sec. II. First, a Granger test is preformed to determine if the separation point location results in a
change of the peak vorticity. When testing the null hypothesis
that the location point does not Granger cause the peak vorticity amplitude, a p-value of 10 15 is the result. The confidence
interval being quite small, the null hypothesis is rejected and
it can be said that information about the separation point location will improve predictions of the peak surface vorticity at
the point of separation. Next, the null hypothesis that the vorticity value nearest to the separation point does not Granger
cause movement in the separation point is tested. The resulting
p-value for this test is 10 5 ; thus, the null hypothesis is rejected

FIG. 10. Time history of the separation point perturbation location, the separation point, and the pitching motion. The separation point perturbation
amplitude is color-coded.
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and it can be said that the vorticity value at the surface will
help to predict the movement of the separation point.

IV. CONCLUSIONS

Using time-resolved PIV, the role of surface vorticity and
its accumulation on the unsteady movement of the separation
point during flow separation is examined. The spatiotemporal
evolution of the shear layer is characterized by the perturbation
amplitude and local maxima of the vorticity along the estimated shear layer. The detection of the shear layer is based on a
contour of the velocity at 0.48U ∞ . By evaluating the magnitude
of vorticity accumulation at the separation point, there is a critical threshold value of vorticity that is consistently identified
at the point of separation. This value is repeatedly found to be
|ω∗ | ≈ 20 for the presented test conditions. Above this value, the
accumulated vorticity entrains enough fluid near the surface to
create flow reversal and move away from the surface. The presented observation of a critical threshold of surface vorticity
prior to vortex shedding will hopefully encourage follow-up
investigations focusing on an extension of the parameter range,
the universality of this observation, and the variation of the
exact value of the vorticity threshold as a function of airfoil
geometry and flow conditions.
This result also opens interesting prospects and opportunities to control the extent of separation by influencing
the vorticity accumulation over an airfoil surface. It is also
observed that immediately following its departure from the
surface, the vortex begins to lose strength following an exponential decay. The changes in local vorticity peak values are
correlated with the change in angle of attack. As the angle of
attack is increased, the mean peak vorticity increases. Thereafter, it remains large during full stall and reduces in magnitude
as the angle of attack decreases and flow begins to reattach.
This trend is directly related to the angle dependent change
in the chordwise pressure gradient, which at higher angles of
attack limits the area where the accumulation occurs, leading
to a higher circulation.
The shear layer development during unsteady separation
is characterized by the perturbation amplitude and tortuosity.
Tortuosity provides a global perspective on the contortion of
the shear layer, which is subjected to the Kelvin-Helmholtz
instability during the stall cycle. It is shown that the growth
of shear layer tortuosity leads to the advancement of the separation point. During the attached flow, increased tortuosity is
shown to correspond to the movement of the separation point
toward the leading edge, with peaks of tortuosity occurring
during separation point advancement and troughs occurring
when the separation point is retreating. The periodic nature
of this interaction is linked to the vortex shedding frequency,
quantified by a Strouhal number of St ∗ = 0.12. The values of T
are consistently larger during stall development, full stall, and
reattachment, owing to the unstable nature of the transitions
and convective instability of the shear layer during these stall
stages. Looking deeper into the unsteady shear layer behavior, two amplitudes are quantified during the stall cycle. The
perturbation maximum location is captured revealing that perturbation amplitudes grow as they are convected downstream
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FIG. 11. Sketch of a shear layer extending away from a surface. The perturbation amplitude is influenced by the presence of vortices which have shed
and are being convected away.

according to the Kelvin-Helmholtz instability theory. A fundamental description of this behavior is provided in Fig. 11. A
shear layer (solid black line) extending away from a surface is
influenced by the presence of vortices. As they are convected
downstream, the perturbation amplitudes and vortex diameters
grow as the vorticity strength diffuses.
The spatial occurrence of the maximum amplitudes during
unsteady separation and reattachment is shown to approach the
separation point. The results show that during the stages of stall
development and reattachment the shear layer amplitudes are
considerably larger than those during the more stable full stall
and attached flow states.
The combination of these results demonstrates that the
formation and shedding of a consistent quantified amount of
vorticity at the point of separation directly influences the shear
layer behavior and the movement of the separation point location. The movement of the separation point is recognized as a
discrete process which is influenced by the dynamic interaction of a changing pressure gradient and the time dependent
accumulation and shedding of surface vorticity.
By influencing the formation and shedding of the peak
vorticity through surface based vorticity control mechanisms,
one could limit the negative impact of the shear layer instability
on the movement of the separation point. Such vorticity control
would reduce the unsteady loading caused by unsteady separation. These results serve to reinforce the theory of unsteady
separation by providing a quantification of the interaction
between the accumulation of surface vorticity and the role of
the shear layer during unsteady separation.
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